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ABSTRACT: Synchrotron radiation based Fourier transform IR (SR-FTIR) spectromi-
croscopy allows the study of individual living cells with a high signal to noise ratio. Here
we report the use of the SR-FTIR technique to investigate changes in IR spectral
features from individual human lung fibroblast (IMR-90) cells in vitro at different
points in their cell cycle. Clear changes are observed in the spectral regions correspond-
ing to proteins, DNA, and RNA as a cell changes from the G,-phase to the S-phase and
finally into mitosis. These spectral changes include markers for the changing secondary
structure of proteins in the cell, as well as variations in DNA/RNA content and packing
as the cell cycle progresses. We also observe spectral features that indicate that
occasional cells are undergoing various steps in the process of cell death. The dying or
dead cell has a shift in the protein amide I and II bands corresponding to changing
protein morphologies, and a significant increase in the intensity of an ester carbonyl
C=0 peak at 1743 cm ™! is observed. © 2000 John Wiley & Sons, Inc. Biopolymers (Biospec-

troscopy) 57: 329-335, 2000
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INTRODUCTION

Conventional Fourier transform IR (FTIR) spec-
troscopy and spectromicroscopy has been widely
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used as a diagnostic tool for characterizing the
composition and structure of cellular components
within intact tissues.' ® However, the spatial res-
olution of traditional FTIR spectromicroscopy is
limited to ~75 wm with sufficient signal to noise
at reasonably short data collection times.%” Syn-
chrotron radiation based FTIR (SR-FTIR) spec-
tromicroscopy, on the contrary, provides several
hundred times higher brightness at a nearly dif-
fraction-limited spatial resolution of 10 um or
better (depending on wavelength) and is therefore
a sensitive analytical technique capable of provid-
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ing molecular information at a significantly finer
spatial resolution on biological specimens. With
this 10 um or smaller spot size, SR-FTIR is ide-
ally suited for the nondestructive, in situ study of
processes that are taking place in individual cells.
In a recent example, Jamin et al.’® used SR-FTIR
to map the distribution of functional groups of
biomolecules such as proteins, lipids, and nucleic
acids in individual live cells with a spatial reso-
lution of a few microns. In this study we use
SR-FTIR spectromicroscopy to investigate the
spectral changes that occur in individual living
human lung cells as a function of cell cycle and
cell death.

MATERIALS AND METHODS

Cells and Cell Handling

The normal human fetal lung fibroblast IMR-90 P4
(P# indicates the passage number) cell line of fe-
male origin was obtained from the N.LLA. Cell Cul-
ture Repository, Coriell Institute for Medical Re-
search.'® Cells were cultured at 37°C in a 5% CO,
environment in minimum essential medium with
Earle’s salts (Gibco/BRL) with 15% fetal calf serum
(Hyclone), glutamine, Fungizone, PenStrep, and so-
dium bicarbonate (Gibco/BRL) in 75-cm? flasks. The
IMR-90 P11 was plated at 8 X 10° cells in each
60-mm plastic petri dish 48 h prior to the experi-
ment to insure the culture would double and grow
to confluency as shown in the photograph in Figure
1(a). In this state the cells are ~82% synchronized
into the G;-phase of the cell cycle as detailed below.
Cells were rinsed 2 times in PBS, scraped, mixed,
and pipetted onto dried, cleaned (acetone/deionized
distilled water) gold-coated glass slide pieces (~0.5
X 0.5 cm) in 100-pL aliquots that were spread out
with the pipette tip to insure single cells could be
visualized. Slide pieces were placed on sterile gauze
in the wells of a six-well plate prior to plating of the
cells. The cells were allowed to settle and attach to
the slide pieces for 30 min at 37°C in a 5% CO,
incubator. After 30 min the cells were flooded with
HEPES buffer-stabilized growth media to permit
transport from the cell culture lab to the IR spec-
tromicroscopy facility. The cell density was approx-
imately 1.3 X 10* cells/em? on the gold surface used
for SR-FTIR analysis. A photomicrograph of cells
ready for IR analysis is shown in Figure 1(b).
Fluorescence-activated cell sorting (FACS)*1¢
was used to measure the DNA content and there-
fore determine the distribution of cells in each
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Digital phase photomicrographs of (a)
IMR-90 cells grown to confluence on plastic with false
coloring and (b) cells scraped off the plastic and allowed
to attach to a gold-coated microscope slide for 0.5 h at
37°C. They are now ready for SR-FTIR analysis.

Figure 1.

phase of the cell cycle. The fractions of cells in the
G-, S-, and Go/M-phases were determined by stain-
ing cells fixed in 50% ethanol/PBS with propidium
iodide and assaying 10 cells by flow cytometry us-
ing a Coulter Epics XL cytometer (Coulter Electron-
ics, Miami, FL) with a 488-nm excitation source and
a 575-nm emission filter; 10* cells of each sample
were analyzed. Figure 2 shows the results of the
FACS analysis, from which we determined that the
IMR-90 cells grown to confluence consisted of 82.2%
G;-phase, 9.3% S-phase, and 8.5% Gy/M-phase. No
cells of abnormal DNA content were observed.

SR-FTIR Analysis

Spectromicroscopic measurements were made at
beamline 1.4.3 at the Advanced Light Source,
Lawrence Berkeley National Laboratory.®'” '
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Figure 2. FACS analysis results for IMR-90 cells

grown to confluence. The graph shows the distribution

of cells as a function of DNA fluorescence, proportional

to DNA content.

Synchrotron light from a bending magnet was
collimated and then used as an external source
for a Nicolet Magna 760 FTIR bench. The modu-
lated beam was then directed into a Nic-Plan IR
microscope where it was incident onto the sample
stage, collected in reflectance or transmission
mode, and finally directed onto a liquid nitrogen
cooled mercury cadmium telluride detector.

The cells on the gold-coated glass were inserted
into a small chilled chamber with a thin (~0.5
mm) IR-transparent ZnSe window to maintain a
more constant humidity and prolong cell viability.
Gold-coated slides were removed from the petri
dishes. The sterile gauze was necessary to allow
the slides to be easily removed from the bottom of
the dish with minimal disturbance. Most of the
liquid medium remaining on the surface of the
slides was removed by carefully holding the slide
at an angle against a piece of dry sterile gauze.
The slide was then placed into a chamber situated
on the motorized microscope stage. The chamber
was chilled on ice before usage. A hole in the top
piece of the chamber had a provision for a ZnSe
IR-transparent window.

Data for this study was acquired in the double-
pass transmission mode. (The IR beam passes
through a cell and is again reflected back from the
gold surface through the cell.) The sample stage
was moved to align the center of the cell of inter-
est with the focused SR-IR spot to within a few
microns. Spectra were typically obtained from an
individual cell using 4 cm ™! resolution and 64
co-added interferograms. On the order of 100 in-
dividual cells were measured, which were spread

through the various morphologies. No apertures
were used in the beam from the source to the
sample; therefore, the approximately diffraction-
limited spot size in the mid-IR region of interest
was always 10 pm or less.

RESULTS

Cell Cycle Spectra

The cell division cycle consists of four major
stages denoted G-, S-, G-, and M-phases.?° Dur-
ing the S-phase the DNA is replicated to form two
complete copies of the cell’s genes in preparation
for division during the M-phase.

Visual inspection of the cell size and morphol-
ogy in the IR microscope at 320X magnification
showed that the majority of the IMR-90 cells were
spheres ~10 um in diameter. We identified these
cells as being in the G;-phase by comparison with
the FACS data above. Occasionally slightly ellip-
tical cells, which were clearly distinguishable
from grossly deteriorating cells, were found to be
considerably larger (~30 pum). Other cells were
found to be in between the two extremes in size,
typically ~15 um. We tentatively identified the
largest cells as being in the G4-phase or undergo-
ing M (Gy/M-phase) and the in between sizes as
being in the S-phase.

We found that cells tentatively identified as
being in the G;-, S-, and Gy/M-phase of the cycle
showed clearly different spectra. Figure 3 shows
the 1800-900 cm ' region for typical individual
cells in each of these three phases. These spectra
are not normalized. Cell to cell spectral variations
within each cell cycle phase were significantly
smaller than the phase to phase changes reported
here. During the S-phase the DNA was undergo-
ing replication and we observed that the absorp-
tions in the DNA/RNA spectral region increased
relative to the G;-phase spectra by approximately
a factor of 2. We also noted that the centroid
positions of the amide I and II peaks shifted down
in energy as listed in Table 1.

When a G,/M-phase cell was measured we ob-
served a large increase in the overall absorbance
(uppermost spectrum in Fig. 3). This may have
been a result of more material in the cell or be-
cause the thickness may have been different in
the M-phase. In the second case there could have
been a greater path length for the IR beam to
traverse. Other more complicated mechanisms
may have also been active, including the conden-
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Figure 3. IR spectra of individual cells in different

stages of the cell cycle. The spectra were not normal-
ized, but a linear baseline was subtracted over the
range of 2000—650 cm .

sation of chromatin during these phases of the
cell cycle. Absorptions in the DNA/RNA region
were significantly increased relative to the pro-
tein peaks. It was also noteworthy that the peak
around 1395 cm ! was noticeably larger in the
Go/M-phase than in the other phases.

Dying Cell Spectra

Occasionally some cells exhibited different spec-
tral characteristics near the protein amide I and
II peaks, even though the cell’s morphology did
not appear different visually. Comparing these
spectra to recently presented research on lysed
necrotic cells,'®*! we see that the spectral
changes observed indicate that the cells were dy-
ing or dead. The spectrum of one such cell is
shown in Figure 4 along with the spectrum of a
normal living G;-phase cell. The “dying” cell
shows two characteristic spectral signatures in-
dicative of death.'®?! First, the centroids of the
protein amide I and II peaks shift from 1644 to
1633 and 1542 to 1531 ecm ™!, respectively, indi-

Table I. Peak Positions for G-, S-, and M-Phase
Cells (ecm™ 1)

Peak G,-Phase S-Phase M-Phase
Amide I 1644 1640 1644
Amide II 1542 1536.5 1540
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Figure 4. An IR spectra comparison of individual

living and dying cells. The spectra were normalized to
the amide I peak, and a linear baseline was subtracted
in the range of 1800-1350 cm ™.

cating a change in the overall protein conforma-
tional states within the cell. Second, we observe
the appearance of a peak at around 1743 cm ™ *.
These observations can now be used as signatures
of cell death in future studies.

We also measured a number of cells that had
no visually intact cell membranes. Spectra from
these cells were similar to those reported by
Jamin et al.'®> and Miller?! in that a peak at
~1728 ¢cm ! became prominent with a shoulder
at ~1743 cm ™', The amide peaks were also ob-
served to shift down to lower energies with the
exact amount of the shifts varying from cell to
cell.

DISCUSSION

Cell Cycle Spectra

We used SR-FTIR spectromicroscopy to obtain IR
spectra from individual cells, which clearly show
characteristic spectral differences for different
phases of the cell cycle. A previous study looked at
the average IR absorption response of human my-
eloid leukemia cells, which were separated into
G, S, and G, cell cycle stages by centrifugal elu-
triation, either macroscopically by measuring
~10* cells or microscopically by averaging the
response of 10-50 individual cells measured us-
ing a conventional IR source and a 15-um aper-
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ture in an IR microscope.?? They were unable to
separate and measure cells in the M-phase be-
cause of the short time their cells spent in that
phase (<4% of the cell division cycle is in the
M-phase).

Our G;- and S-phase results in Figure 3 (each
from a single cell) confirm the bulk (~10* cells)
and the combined single cell (10-50 cells) mea-
surements of Diem et al.' and Boydston-White et
al.?? We observed that the intensity of the DNA/
RNA spectral region peaks relative to the protein
amide peak intensities was markedly increased in
the S-phase compared to the G,-phase. Because
the DNA is replicated throughout the S-phase, it
is reasonable to expect a greater DNA signal in
the IR spectra. Alternatively, Diem et al.! and
Boydston-White et al.?* hypothesized that in the
G phases the DNA is packed so tightly into nu-
cleosomes that the IR absoptions are optically
thick and will therefore be unobservable in the IR
spectra. However, during the S-phase, portions of
the DNA are packed less densely and therefore
will contribute to the IR spectrum.™?? In our S-
phase spectrum the PO, peak at ~1085 cm '
showed a small “nose” consistent with the spec-
trum of RNA.?2?% Further studies are necessary
to fully assess whether DNA/RNA packing and/or
content is responsible for the increased IR absorp-
tion observed.

We also observed that the centroid positions of
the protein amide I and II peaks shifted to lower
energy in the S-phase compared to the G,-phase
as shown in Table 1. Using a simple amide peak
shape interpretation, these shifts were consistent
with more cellular proteins having a 3-sheet sec-
ondary structure in the S-phase compared to a
higher «-helix protein content in the G-
phase.2’3’24_26

The uppermost trace in Figure 3 is signifi-
cantly different from the G;- or S-phase spectra.
Diem et al.! and Boydston-White et al.?* showed
that their G,-phase cells had spectra very similar
to those in the G;-phase. Therefore, we concluded
that our measured cell was in the M-phase and
not in the G,-phase. To our knowledge, the top
curve in Figure 3 presents the first measured
M-phase IR spectrum from a mitotic cell. The
overall absorption intensity in the DNA/RNA
spectral region increased significantly relative to
the protein amide vibration peaks. Because the
DNA is more tightly packed into chromosomes
during the M-phase,?® the optical density argu-
ments of Diem et al.’ and Boydston-White et al.*?
would point toward this enhancement being due

to RNA in the cell. Because the nucleolus disap-
pears during M-phase with the presumed dis-
persal of the associated RNA and ribosomes, a
straightforward interpretation would be that the
dispersed RNA is now optically thinner and con-
tributes more to the IR spectrum. However, the
ratio of the ~1085 em™! PO, to ~1230 cm™*!
phosphodiester and amide III peaks is closer to
that of DNA. The full understanding of this com-
plex behavior will require further study and in-
terpretation.

The centroid positions of the amide I and II
peaks in the M-phase returned to wavelengths
that primarily correlated to the secondary struc-
tures of the « helices, similar to the G;-phase
results, as listed in Table I. The amide I peak
completely returned to the Gy-phase position
while the amide II peak stopped 2 wavenumbers
short of a full return.

The M-phase spectrum also showed that the
absorption mode at ~1395 cm ' was much en-
hanced compared to the G;- and S-phase spectra.
Because this one peak grew much more than the
overall protein, DNA/RNA, or lipid (not shown)
spectral regions, we can conclude that this growth
was not simply related to the amount or density of
these major cellular components. Absorptions af-
fected by helical conformations of DNA, as well as
protein side chain vibrations, are components to
this spectral region.?” Thus, future detailed ex-
periments are required to assign this intensity
growth to a specific phenomenon.

Dying Cell Spectra

The spectrum of a dying cell (Fig. 4) shows signif-
icant shifts in the amide I and II peaks compared
to the spectrum of a living cell. As a first (overly
simplistic) analysis we fitted the amide I peak
shape in the living and dying cell spectra to a
series of empirically determined peak positions
for the various secondary structures of pro-
teins.?%24726 When we compared the amplitudes
of the three nominal “B-sheet” subcomporients at
1605, 1623, and 1667 cm ! to the central a-helix
component at 1640 cm ', we found that the
amount of B-sheet secondary structures increased
by ~20% in the dying cell compared to the living
cell. The amount of “random coils” was only in-
creased by ~2% in the dying cell. These struc-
tural changes in the cellular proteins could be due
to a different distribution of proteins during apop-
tosis or to denaturation of the existing proteins.
This analysis is simplistic and ignores other spec-
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tral features under the amide I envelope such as
ring breathing and C=0 stretching vibrations of
DNA and RNA. Furthermore, Torii and Tasumi?®
demonstrated that the interpretation of amide I
envelopes requires more than simple deconvolu-
tion with spectral features from a “basis set” of
model proteins. Their analysis of the IR spectrum
of myoglobin, which has no B-sheet secondary
structures, shows that the amide I peak can have
weaker absorption in the nominal B-sheet wave-
length region of a simple model.

The new peak at ~1743 cm ™! in the dying cell
is usually associated with the non-hydrogen-
bonded ester carbonyl C=O stretching mode
within phospholipids.®?*3° We did not see a large
increase in other lipid absorption bands in the
dying cell, so this peak was not simply an increase
in the number of lipid molecules or their density.
A shoulder at ~1725 cm ! was also observed,
which is associated with hydrogen-bonded C=0
groups.?® An increase in a peak at this position
was seen by Jamin et al.,'? although in that study
the authors investigated a cell that had experi-
enced necrosis and was visually changed morpho-
logically because of a loss of cell membrane integ-
rity.>> When we investigated IMR-90 cells that
had lost membrane integrity, we observed results
similar to those of Jamin et al.'? The fact that the
~1743 em ™~ ? peak in Figure 4 is significantly more
intense than the ~1725 cm ! peak implies that
the C=0 ester carbonyl groups of lipids in the cell
are becoming predominantly non-hydrogen
bonded, which would be in agreement with oxida-
tive damage having occurred. Apoptosis is associ-
ated with, among other factors, increased oxida-
tive damage.?>32 Therefore, the cell we measured
may have been in the early stages of apoptosis
and not a lysosomal type of death whereas cells
visually observed to have lost membrane integrity
were most likely lysosomal and had different TR
spectral characteristics.

It is also interesting to note that the peak at
~1455 ecm ! became much sharper than was ob-
served in any of the living cell cycle phase mea-
surements. A vibration due to protein side chains
was approximately at this position, as well as
some DNA/RNA and lipid vibrational modes.
However, Venyaminov et al.?* state that only the
pH or mutations can change vibrations from pro-
tein side chains. At present it is not clear which
cellular component causes this sharpened fea-
ture.

CONCLUSIONS

We presented IR spectra obtained from individual
living human lung fibroblast cells as a function of
cell cycle phase, as well as spectra for a cell that
was dying or dead. We found very significant dif-
ferences in the spectra that need to be understood
and taken into account when making compari-
sons of IR spectra from normal and moribund
cells. The power of using a synchrotron based IR
source was demonstrated where data from one
individual cell without any fixing, staining, or
labeling provided excellent signal to noise. More
importantly, we showed that these single cell SR-
FTIR spectra were of sufficient quality and repro-
ducibility to allow detailed interpretation in
terms of specific molecular events.

Future research will build upon previous IR
studies and complement other microscopy and
biochemistry techniques to investigate changes in
many different types of cells, as well as cellular
biochemical processes resulting from a variety of
agents. Although the IR spectra of whole cells are
quite complex, the use of cell lines that are defec-
tive in a single process or pathway may allow the
identification of key spectral features associated
with important biochemical and physiological
mechanisms. With sufficient development IR
spectromicroscopy may become a rapid and inex-
pensive diagnostic tool for medical screening ap-
plications. In addition, the single cell nature of
the SR-FTIR technique will allow reliable detec-
tion and identification of a small number of cells
within a sample that are different from the oth-
ers, potentially opening new areas of environmen-
tal health and biomedical research.
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Figure 1. (a) Digital phase photomicrograph of IMR-90 cells grown to confluence on plastic with
false coloring. (b) Digita photomicrograph of cells scraped off of the plastic and allowed to
attach to a gold-coated microscope slide for half an hour at 37°C. They are now ready for SR-
FTIR analysis.



